The conversion of simian virus 40 (SV40) component II deoxyribonucleic acid to component I has been used to assay polynucleotide ligase in extracts of tissue culture cells. All cell types examined, including chicken, hamster, mouse, monkey, and human cells, contained adenosine triphosphate-dependent ligase. After infection of mouse embryo, monkey kidney, and HeLa cells with polyoma virus, SV40, and vaccinia virus, respectively, the enzyme activity increased, but its cofactor requirement was unchanged. In vaccinia virus-infected cells, the increased activity was localized in the cytoplasm. Ligase induction occurred in the presence of cytosine arabinoside but was prevented by puromycin. Rifampicin blocked the production of infectious vaccinia particles but had little effect on the induction of ligase.
Polynucleotide ligases have been purified from both uninfected (12, 13, 31, 40) and virus-infected Escherichia coli (1, 7, 37) and from mammalian tissues (26) . These enzymes, which seal singlestranded breaks in duplex deoxyribonucleic acid (DNA), are thought to be involved in DNA repair and replication (10, 14, 21, 24, 29, 30) . In the present study, we have found high levels of ligase activity in several types of mammalian tissue culture cells. We have also examined cells infected with vaccinia virus, which has a large DNA genome and multiplies in the cytoplasm, and with simian virus 40 (SV40) and polyoma virus, mammalian tumor viruses which contain circular DNA and replicate in the nuclei of infected cells.
MATERIALS AND METHODS Viruses. Large-plaque polyoma virus and SV40 were grown and purified as described previously (38, 39) . A stock of purified (19) kidney (AGMK) and human embryonic kidney (HEK) cells were purchased from Flow Laboratories, Rockville, Md., and were used as secondary cultures grown in Eagle medium supplemented with 10% calf serum. The mouse lymphoma, thymoma, and myeloma lines were provided by S. Sarkar, the Salk Institute for Biological Studies, La Jolla, Calif.
Preparation of '4C-labeled SV40 DNA. BSC-1 cells were grown to confluence in 100-mm petri dishes, washed once with phosphate-buffered saline (PBS), and infected with 2 X 108 plaque-forming units (PFU) of SV40, i.e., a multiplicity of about 50 PFU/cell. The virus was adsorbed for 1 hr at 37 C.
A 10-ml amount of Eagle medium containing 10% dialyzed fetal bovine serum was then added to each dish, and the cells were incubated at 37 C. At 24 hr after infection, 3 (18) were dissolved in 0.1 N NaOH at 80 C for 30 min, precipitated with cold 5% trichloroacetic acid onto Whatman GF/C filter papers, and counted in a toluene-based scintillation fluid.
SV40. AGMK cells were grown and infected, and the extracts were made as described above.
Poxvirus. HeLa S3 cells were sedimented and resuspended at 107/ml in Eagle medium containing 5% fetal bovine serum. Vaccinia virus strain WR was added to give a multiplicity of about 250 elementary bodies per cell. The virus was allowed to adsorb for 45 min at 37 C, with intermittent shaking in the presence of various drugs where indicated. The infected cells were then washed and resuspended at 10/ml in prewarmed spinner Eagle medium containing 5% fetal bovine serum; this time was taken as 0 hr after infection. The infected cells were maintained in spinner culture at 37 C.
At intervals after infection, samples of the cells were pelleted, washed twice with PBS, and resuspended at 107/ml in TEM at 0 C. After 10 min, the swollen cells were broken by two strokes in a tight-fitting PotterElvejhelm homogenizer. The nuclei were removed by centrifugation at 1,000 X g for 5 min, and the supernatant fluids were stored at -70 C until assayed.
For radioactive labeling experiments, 1 ,uc of 3H-thymidine (Schwarz BioResearch; specific activity, 11 c/mmole) was added to 5-ml samples of the cell suspensions. After incubation for 1 hr at 37 C, the cells were washed and extracts were prepared as above. The supernatant fluids were precipitated with 5% trichloroacetic acid and counted. Plaque assays were performed on chick embryo fibroblast monolayers. Poxvirus ribonucleic acid (RNA) polymerase. The particle-associated RNA polymerase was assayed by the method of Kates and McAuslan (20) .
DNA polymerases in polyoma and SV-40 infected cells were assayed by the method of Hartwell, Vogt, and Dulbecco (15) . For each incubation, 50 yg of crude cell protein was used.
Protein concentrations. Protein concentrations were determined by the method of Lowry et al. (27) with bovine serum albumin as standard.
DNA was determined by Burton's method (5) with deoxyadenosine monophosphate as standard.
RESULTS
Characteristics of the reaction. The ligase assay which we have used, i.e., conversion of the singlenicked relaxed circle (component II) to the covalently closed superhelical configuration (component I), is clearly a measure of the equilibrium between endonuclease and ligase activities. In an attempt to reduce selectively the endonuclease activity in cell extracts, cultures were maintained in low-serum medium for several days before preparing extracts by freeze-thawing, sonic treatment, or homogenization. Assays were also performed in the presence of inhibitors of deoxyribonuclease I (25): soluble RNA, denatured DNA, and salts. The only procedure which inhibited nuclease effectively and selectively was the addition of KCI or NaCl to the reaction mixture. In the presence of 0.1 M KCI, the deoxyribonuclease activity of an extract of MEF containing 10 ,g of protein was inhibited almost completely (Fig. 1) . Even in the presence of 100 ,ug of crude cell protein, the deoxyribonuclease level was reduced by 80% in 0. The extent of the conversion is directly related to protein concentration (Fig. 3) . The maximum amount convertible to component I varied from 45 to 76% among different preparations of component II. The cause of this variation is not understood but may be related to the proportion of component II which has a 5'-phosphorylated terminus at the nicked region. We noted that component II 25 PFU of vaccinia virus per cell, viral DNA synthesis began in the cytoplasm (Fig. 7 ). An o not decrease. After infection with 10 PFU of 2 /°;cel purified large-plaque polyoma virus per cell, there 0 2 -o was a fourfold rise in cell DNA synthesis (not shown) and a three-fold increase in DNA poly-',rUninfected merase activity (Fig. 5) . The rate of incorporation -of thymidine into viral DNA was maximal 24 hr after infection, and there was a twofold rise in In control cultures, the yield of infectious WR strain increased from 4 X 105 PFU/ml at 5 hr after infection to 1.7 X 107 PFU/ml at 24 hr. In the presence of 100 ug of rifampicin per ml, the virus yield at 24 hr after infection remained at 2 X 105 PFU/ml. However, viral DNA synthesis was reduced only 20% by 100 Mug of rifampicin per ml (Fig. 7) . Ligase induction was inhibited to an even lesser extent. These observations do not indicate whether the new ligase activity is virusor cell-coded but do suggest that rifampicin inhibits a late viral function. Consistent with this hypothesis is the finding (Table 2) that the vaccinia particle-associated RNA polymerase, which is known to be responsible for early viral messenger RNA synthesis (20) , is not inhibited by rifampicin in vitro.
DISCUSSION
Conversion of SV40 component II DNA to component I has proved to be a useful method for assaying polynucleotide ligase, since the substrate is easily prepared and the two forms of DNA are readily separated by simple techniques. The major disadvantage of the assay is its extreme sensitivity to contaminating endonuclease. This difficulty was overcome by the addition of 0.1 M salt to the incubation mixture, making it possible to examine ligase activity in crude cell extracts.
High levels of activity were found in all types of tissue culture cells examined. In every case, the ligase activity was ATP-dependent, as reported previously for the enzyme in rabbit tissues (26 a Active particles were prepared by treating purified vaccinia virus with 2-mercaptoethanol and the detergent Nonident-P40 (20) . Reaction mixtures contained 0.5 ,umole each of ATP, guanosine triphosphate, cytosine triphosphate, and 3H-uridine triphosphate (specific activity, 2 ,c/,umole), 2.5 ,umoles each of 2-mercaptoethanol and MgC92, 50,pmoles of Tris buffer (pH 9.0), 5 ,umoles of sodium phosphoenolpyruvate, 100 lAg of pyruvate kinase, and 0.25 mg of virus protein in a volume of 0.5 ml. After incubation for 1 hr at 35 C, the reaction was stopped by adding 5% trichloroacetic acid in ice. The acid-precipitable RNA product was filtered, washed with acid, and counted in toluene-Liquifluor.
b Expressed as nonomoles of uridine monophosphate incorporated per milligram of protein per hour.
with induction kinetics similar to those of other early enzymes which are known to be virus-coded (28) .
Rifampicin inhibits the replication of poxyviruses (17, 35) . In E. coli, the primary site of action of the antibiotic is the phosphocellulose fraction of RNA polymerase (8) , and it has been suggested that rifampicin acts against poxviruses by inhibiting the particle-associated RNA polymerase (35) . This seems unlikely since virus particles synthesized RNA in vitro as well in the presence of rifampicin as in its absence. Further, viral DNA synthesis and ligase induction in vaccinia virus-infected cells were only slightly affected by rifampicin. It is possible that the antibiotic acts in infected cells by binding to the newly synthesized viral RNA polymerase and either prevents expression of late functions or results in the formation of progeny virus particles which contain an inactive enzyme. In any case, it is clear that rifampicin cannot be used as a tool to determine which functions are coded for by the viral genome.
The possibility remains that there are specific ligases involved in the closure of newly replicated circular viral genomes and that these ligases are inactive in our assay. The detection of such enzymes will probably depend upon the isolation of viral mutants which fail to induce ligase activity at nonpermissive temperatures. VOL. 4, 1969 
